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ABSTRACT The upregulation of adrenomedullin (AM) gene expression and increases in sys-
temic circulatory as well as localized tissue AM concentrations is well coordinated with the onset
and progression of trauma, infection, and sepsis. As such, the coordinated change in AM suggests
a key role for this peptide in the inflammatory response. By clinical definition, the process of
inflammation constitutes an orchestrated cascade of localized tissue and systemic responses to
immunological challenges. Classical responses to the onset of disease stresses are manifested in the
timely elaboration of humoral, blood-borne signal effectors (such as adrenocortical and locally
produced tissue hormones, immune cytokines, and inorganic signals such as nitric oxide) as well as
patterned migration and infiltration of circulating bone marrow-derived cells (mononuclear cells
such as monocyte-macrophages and polymorphonuclear cells like neutrophils) largely associated
with or delivered through the vascular system. The body’s attempts to combat acute infection to
restore homeostatic equilibrium are further compromised by underlying disease situations. Ath-
erosclerosis, diabetes, and cardiovascular disease, as well as nutritional metabolic derangements
and persistent subclinical infection perturb the regulatory feedback loops necessary for proper
control of response effectors like hormones and cytokines. When imbalances occur, tissue necrosis
can ensue as driven by free radical damage to cell components. A true appreciation of the inflam-
matory response can only be grasped through an integrative approach in which the relationship
between the different physiological systems is viewed in terms of a changing, dynamic interaction.
In essence, the inflammatory response can be thought of in three phases: a period of severity
assessment, a period of remediation, and a period of homeostatic restoration. Indeed, AM has
differential effects on cellular metabolism, immune function, endocrine function, and cardiovascu-
lar function. This peptide appears to play a pivotal role in both reprioritizing the biological needs
of tissues and organs during the three phases of inflammatory response as well as a role in restoring
homeostatic equilibrium to the body. Microsc. Res. Tech. 57:120–129, 2002. Published 2002 Wiley-Liss, Inc.†

INTRODUCTION
“Normal” body function is characteristically defined

in terms of quantifiable (and operational) upper and
lower limits of some biomarker (a plasma enzyme con-
centration, heart rate, a cation or anion concentration,
body temperature, etc.) usually bracketed within rela-
tive degrees of patterned fluctuation (in engineering
terms, “hysteresis”). This range of normal response
results from the regulatory feedback loops in organ
systems within which reside mechanisms to monitor
and modulate the internal environment of the body.
Classically, these mechanisms involve some form of
receptor to bind the monitored modality, a signal trans-
duction response to interpret and integrate combined
signals, and a response (effector) that acts to change
some aspect (concentration, etc) of the monitored com-
ponent. When there is controlled balance in the body
between physiological systems, the body is deemed to
be in homeostatic equilibrium. In these periods of equi-
librium, biological priorities among processes and tis-
sues is well defined and, in fact, frequently redefined to
accommodate the changing demands of the normal pro-
cesses of growth and development, aging, reproductive
and lactational status, nutritional status, etc. In the

face of perceived threats to health, as monitored by the
immune system, the body secretes hormones and cyto-
kines to counter the threat. At any given time the
metabolic priorities of cells and tissues reflect the
higher priority of species survival and as such largely
coincide with the need to escape from or combat exter-
nal (trauma) and internal (immunological) threats.

Recently, we extended a provisional hypothesis orig-
inally set forth by Sir John Hammond (1952), wherein
a hierarchy of metabolic priorities between tissues was
described. In the original presentation, tissue priority
was associated with tissue metabolic rate. Thus, brain
and neural tissues were ascribed highest priorities and
access to nutrients and vascular flow. Adipose tissues
were assigned the lowest priorities, especially in times
of calorie excess in the diet. Our extension of this model
attempted to impart a mechanistic level of control of
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how these priorities were established and controlled.
We coined the term “endocrine-immune gradient” (El-
sasser et al., 2000b) to provide a mechanistic frame-
work upon which a dynamic model of endocrine and
immune system interactions could be assembled to ex-
plain how tissue beds could be affected differentially
and with varying degrees of severity to the perturba-
tions of disease stress. In this scheme, there develops
an intricate site-specific coordination between anabolic
and catabolic hormones and the immune cytokines pro-
duced in the response to stress in general and inflam-

matory infection stress in particular. The endocrine-
immune gradient incorporates the concepts of differen-
tial ligand binding in addition to simple changes in
plasma concentrations of regulatory hormones as a
means of enhancing tissue-specific effects of regulatory
ligands. An essential component of the model man-
dates that the changing temporal milieu of endocrine
and immune effectors be thought of as cascades of
patterned responses wherein waves of cytokines and
hormones are up- and downregulated in very specific
induction/repression sequences. As such, adrenomedul-
lin (AM) can play a master role in orchestrating differ-
ential regulation among tissues during inflammation
because of its capacity to bind to multiple classes of
receptors (Clark and Lowe, 1998) and elicit different
tissue responses in specific tissue sites. In essence, AM
is both a hormone and a cytokine. It can simulta-
neously regulate aspects of regional blood flow (e.g.,
mesenteric vs. coronary flow), immunological recruit-
ment (neutrophil migration and margination vs. mono-
cytic differentiation), and preferential nutrient use by
tissues (decreased peripheral tissue glucose uptake) as
demanded during the inflammatory response.

As depicted in Figure 1, not only is there a hierarchy
in redirection of metabolic response by organ systems
during inflammatory stress, but also a reprioritization
between different components of organs within the
same systems. Consistent with and expanded beyond
the original Hammond model, the endocrine-immune
gradient originally encompassed the totality of hor-
mones within the insulin and somatotropic-growth hor-
mone-insulin-like growth factor-I axes (anabolic), the
glucocorticoid axis (catabolic), and the thyroid axis
(modulatory and permissive). Overlaid with these mod-
ulators were the proinflammatory cytokines (TNF-�,
IL-I, catabolic), antiinflammatory cytokines (IL-10 and

Fig. 1. Cell and tissue responses to immune challenge are the
culmination of cellular integration of numerous endocrine and im-
mune system secretions which regulate metabolism (a). Depicted as
the “endocrine-immune gradient (Elsasser et al., 2000a), the figure
demonstrates that there exists among organs in different biological
systems (different organs are depicted by various ellipsoid shapes)
and between organs in the same system a hierarchy through which
survival is achieved (open circle is highest priority for use access).
Tissues of lowest metabolic need are last to be conserved in times of
stress and first to be mobilized to provide additional nutrient reserves
for processes of ”higher“ biological need. Adrenomedullin is a newly
added component of the endocrine-immune gradient with functional
attributes that cross over system boundaries to interact in immune,
endocrine, and metabolic regulation of tissue function. AM is differ-
entially upregulated by endotoxin (as a model of immune stress) in
many tissues (b). Note that even between different cells and organs of
the immune system the magnitude and directional change in AM
mRNA abundance before and after endotoxin challenge varies
greatly, thus giving a further measure of site-specific tissue response
control to the overall inflammatory process. (Adapted from Shoji et al.,
1995; Kubo et al., 1998b; Zaks-Zilberman et al., 1998.)

Fig. 2. Trilogy of homeostasis. Adrenomedullin possesses numer-
ous biological qualities and functions that make it a key integrator of
the cellular responses to inflammation which assist in restoring
homeostasis.
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TGF-�), and anabolic and modulatory cytokines (IL-15,
interferons, and colony-stimulating factors). In this re-
view, we have further modified the hypothesis and
included for relevance a depiction of how AM partici-
pates in the endocrine-immune gradient as repre-
sented by a relative level of tissue-specific expression
during the inflammatory response to endotoxin chal-
lenge.

As an example of how tissues differentially respond
to inflammation, we studied specific protein turnover
responses in skeletal muscles during the inflammatory
response to an end-stage muscle-encysted parasitic dis-
ease called sarcocystis. Interestingly, catabolic re-
sponses and loss of muscle mass was associated with
postural muscles such as the psoas major, while muscle
protein mass of locomotor muscles such as the rectus
femoris was largely retained. Similarly, lipid deposits
in subcutaneous fat are more likely to be mobilized
than intraabdominal (kidney and pelvic area) fat as an
energy source during the reduced voluntary food intake
and increased caloric demand of subjects experiencing
an inflammatory episode. There is logic in this differ-
ential response if one considers the reduction in volun-
tary food intake which accompanies the onset of many
acute phase responses in disease, coupled with the
need to redirect hepatic protein synthesis associated
with generation of acute phase response proteins and
antioxidant proteins (Kagan and Laskin, 2001; Laskin
et al., 2001). Similarly, resources are needed in terms
of calories to support the body fever response normally
observed in infection and trauma.

Many of the responses of body tissues to an inflam-
matory insult are triggered and modulated by cyto-
kines like TNF-�, which not only promote direct catab-
olism of muscle but facilitate it further through inter-
actions with increased cortisol production and
inhibition of protein anabolic hormone synthesis and
release (Elsasser et al., 2000b). Changes in caloric de-
mand and source are not an insignificant consideration
in the response to inflammation, in that Kluger (1991)
estimated that caloric expenditures of a fever-ridden
body increase as a function of the respiratory quotient
(Q10) by 10–30% for each 1–1.5°C increase in core
temperature. Similarly, in a review of experiments in
which resting energy expenditure was measured as a
function of health status, Goldstein and Elwyn (1989)
demonstrated that the severe inflammatory response
of sepsis in humans could increase energy expenditure
as much as 60% with catabolism-associated nitrogen
excretion increasing from a general mean of 4 g N/70 kg
body weight per day to more than 10 g. At the heart of
this regulation is the ability of cells to act as the inte-
grators of the numerous factors which dictate how the
cell needs to respond as a participant in the inflamma-
tory response. Not very different from how people are
called upon to change and respond during a crisis, cells
of the body either will “lead, follow, or get out of the
way.” They will function as regulatory modulators
(leaders, i.e., macrophages, adrenocortical cells), or or-
gan support units (followers, i.e., vascular endothe-
lium, cardiopulmonary tissues), or be consumed by ca-
tabolism (adipose and muscle tissues) or when dead or
apoptotic (adipocytes, injured hepatocytes, etc.).

In the past we have documented extensive inverse
relationships between a major anabolic hormone insu-

lin-like growth factor-I (IGF-1) and the expression and
increased plasma concentrations of the catabolic in-
flammatory initiator cytokine tumor necrosis factor-�
(TNF-�) in both experimental models of endotoxemia
(Elsasser et al., 1997) and parasitic infection (Elsasser
et al., 1998). As will become evident in the present
review, TNF-� plays a critical role in inflammation in
that it represents one of the, if not the, major cytokine
produced in the response to inflammatory stress.
TNF-� triggers the cascade of subsequent cytokines
and hormones that effect the needed changes in cell
metabolism. In response to the bacterial toxin chal-
lenge (endotoxin), TNF-� concentrations increase dra-
matically in blood and locally in the paracrine response
of select tissues. Correspondingly, and in proportion to
the severity of the challenge, IGF-I plasma concentra-
tions, as well as most anabolic (tissue mass accretion)
processes, decrease for a period of several hours to
days. A noted exception to this is the redirected ana-
bolic production of acute phase response proteins in the
liver as a countermeasure to the insult to aid in restor-
ing homeostasis. In addition, there is a fundamental
reversal of tissue metabolic priorities wherein those
tissues that were lowest in their metabolic priority for
assimilation of fat stores and muscle protein become
some of the highest donors of these nutrient energy and
amino acid resources during inflammation (Elsasser et
al., 2000b). Indeed, many of catabolic responses in-
curred during the inflammatory response are initiated
by macrophage production of TNF-�. This is especially
true in selective skeletal muscle catabolism needed for
liberation of glutamine to be utilized as an alternative
energy source for immunologically active cells during
infection (Calder and Yaqoob, 1999; Biolo et al., 1997)

TNF-�–AM–NO CONNECTION
IN INFLAMMATION

Most relevant to the topic at hand is the tight rela-
tionship between proinflammatory cytokines like
TNF-� and IL-1� and AM during the onset of systemic
as well as localized tissue inflammatory response (Jou-
gasaki and Burnett, 2000). Increases in circulating con-
centrations of AM are present in a variety of experi-
mental as well as clinically significant infections and
diseases. Examples of this include the increase in
plasma AM after endotoxin administration (Minamino
et al., 1998; Elsasser et al., 1999b) and other inflam-
matory diseases like sepsis (Hirata et al., 1996), sys-
temic inflammatory response syndrome (Ueda et al.,
1999), and Behcet’s disease (Evereklioglu et al., 2000).
The dynamic increases in TNF-� and corresponding
increases in AM coupled with demonstrated properties
of AM to decrease TNF-� and other inflammatory cy-
tokine productions leads to the novel idea that AM and
the proinflammatory cytokines form a functional feed-
back loop necessary to trigger the needed response to
combat invading microbes and also to initiate needed
recovery and cell salvage processes, to the elaboration
of the potent inflammatory response mediators like
nitric oxide, hydroxy radicals, peroxides, and superox-
ide anion which, when present in an untimely fashion
or in excess, cause cell death and participate in multi-
ple organ failure. It is most noteworthy that AM’s role
in the inflammatory process changes by location (cell
type) and time after onset of inflammatory challenge.
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In its relationship with the proinflammatory cytokine
network, where TNF-� increases AM production in
macrophage-monocytes, AM also suppresses IL-1�-in-
duced TNF production in Swiss 3T3 cells (Isumi et al.,
1999; Kappas et al., 2000). The interplay between AM
and proinflammatory cytokine mediators is intricate.
For example, while the expression of some cytokines is
blunted by AM, the secretion of others such as IL-6
(Isumi et al., 1998) is increased in some cell types more
than 5-fold. In addition to directing the secretory re-
sponses of immune cells in the inflammatory response,
there is new evidence that AM may play a role in
increasing the numbers of immune calls capable of
responding to an immunological challenge by increas-
ing the rate of differentiation of specific cell types
(Kubo et al., 1998a).

DEFINING INFLAMMATION
Described in a historical account of the study of inflam-

mation (http://aeb.cvm.okstate.edu/vmed5264), writers
as far back as the first century described the primary
signs of inflammation in terms of swelling, pain, redness,
and heat. Subsequently, during the 19th and 20th centu-
ries researchers such as Virchow, Conheim, Metchnikoff,
and Ehrlich began to fill in the cellular and biochemical
basis for these observations which today are well recog-
nized to encompass many if not all of the possible actions
of the AM peptide. These include: regional changes in
blood flow, modulation of monocyte and immune cell
function, electrolyte balance, modulation of hormones
that affect metabolism, differential regulation of the com-
plement cascade, stabilization of DNA (antiapoptotic fac-
tor), antimicrobial effects, and changes in cardiac perfor-
mance. The inflammatory response should be thought of
as a survival mechanism in which there occurs a rapid
reprioritization of biological needs and systems to detect
the insult, somehow “measure” the magnitude of the in-
sult, and finally eliminate the offending character to re-
store balance between systems. It must be remembered
that inflammation of tissues and organs during this re-
sponse is caused by the body’s own biochemical mediators
and responses and not the trauma, pathogen, or toxin
itself. For example, production of superoxide anion or NO
during the inflammatory response of neutrophils, macro-
phages (or, in extreme situations, endothelial and epithe-
lial tissues) to infecting microorganisms is necessary for
these cells to kill or incapacitate the invading organism;
overproduction of these effectors can be harmful to the
body in terms of free radical damage (Levonen et al.,
2001). As such, the progressive infiltration by monocytes
and neutrophils at the site of insult is a key feature of
inflammation and necessary for the process of host de-
fense. However, this infiltrating process carries with it
the potential consequence for organ damage when NO
responses are of sufficient magnitude to promote reactive
nitrogen metabolite activation. AM, acting primarily in
conjunction with NO-mediated increases in localized
blood flow, can sometimes contribute to a portion of the
neutrophil-based damage. For example, peripherally ad-
ministered AM caused a dose-dependent conjunctival hy-
peremia in the rabbit. An increase in inflammatory cell
number and prostaglandin E(2) concentration in the
aqueous humor was consistent with the increased blood
flow and vascular permeability. The inflammatory effect
of AM was abolished by pretreatment with the inhibitor

of nitric oxide synthase, N(G)-nitro-L-arginine methyl-
ester or AM receptor antagonist, AM-(22-52).

These aberrant biochemical oxidation, peroxidation,
and nitration reactions cause disruption of numerous
processes vital to cell function, including mitochondrial
energetics (electron transport chain, induced apopto-
sis), ion gradients (cell membrane potential), and pro-
tein and nucleic acid function (enzyme inactivation and
apoptosis, respectively) in target and adjacent cells in a
tissue or organ (Zhao et al., 2001; Shi, 2001). However,
data also demonstrate that if the production of these
chemical mediators is too severely disrupted, the con-
sequences to the host can fatal! These fatal interactions
apparently involve aspects of bacterial species and the
specificity and selectivity of the arginine substrate in-
hibitor. For example, where experiments were per-
formed during which NO production was competitively
inhibited with the administration of nonmetabolizable
arginine substrate analogs, experimental infection
with a pathogen resulted in the inability for the defend-
ing immune cells to mount the needed NO response to
kill the pathogens (Chan et al., 1995; Leib et al., 1996).
Thus, stringent checks and balances need to be in place
to coordinate and stabilize these biochemical events
and it appears that AM performs such a coordinating
function.

TRILOGY OF HOMEOSTASIS
Figure 2 depicts a relationship in which homeostasis

is maintained by and reflected in the interaction be-
tween the components of immune surveillance, the reg-
ulation of tissue functional state by the endocrine sys-
tem, and nutrient and metabolic status in the body.

In this figure, homeostasis is represented inside the
triangle as an integrated process coordinated through
the regulatory feedback loops of the endocrine and
immune systems and further modified by the prevail-
ing metabolic state. In this depiction, elements of the
nervous system which might participate in some as-
pects of inflammation perhaps more related to trauma
are intentionally omitted because the primary focus of
this review is the associations between AM and inflam-
matory responses of infection and metabolic stress.
Although much of the research on AM (as occurs with
most newly discovered novel biological substances) has
focused on specific, individual actions of AM in isolated
test systems, it is apparent that AM has a broad range
of biological effects in many physiological systems at
the same time. AM production has influence over, or is
influenced by, tissues or cells associated with each of
these legs of the trilogy. For a comprehensive review of
the interactions of AM with overall endocrine hormone
secretion, the reader is referred to Martı́nez et al.
(1998).

The development of conditions that provoke cellular
responses culminating in inflammation, by necessity,
disrupt homeostatic balance and call for the initiation
of a new biological paradigm to combat the insult,
redirect nutrient use, and provide a means to get the
cellular response to the needed location. For example,
vascular changes occur which allow circulating re-
sponse cells such as macrophages and polymorphonu-
clear monocytes and neutrophils to migrate between
endothelial cells lining blood vessels and take up resi-
dence in extravascular tissue sites. AM may partici-
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pate in increasing the efficiency of this process by fa-
cilitating the maintenance of blood flow in its vasore-
laxing effects as well as some newly identified
properties to effect chemotaxis of infiltrating immune
cells (Fernandez et al., 2000; Kamoi et al., 1995) and
the migration and inhibition of migration of other vas-
cular cells (Kohno et al., 1997, 1998; Horio et al., 1995).

In attempting to deliver the needed response ele-
ments to the sites of inflammation, the vascular system
plays a vital role but is itself a target for many of the
pathological sequellae of infection and inflammation.
In the worst-case scenario, many of the causes for mul-
tiple organ failure of sepsis originate in conjunction
with the differential organ vascular tension, poor tis-
sue delivery of nutrients and oxygen and the removal of
metabolic waste products of accelerated metabolism,
and localized tissue hypoxia, free radical production,
tissue infarct, and the onset of irreversible hypotensive
shock. AM appears to play an important role in main-
taining perfusion of vital organs during inflammation
through its vasodilatory effects on blood vessels (Koo et
al., 2000a, 2000b). Endotoxin-induced hypotension ap-
pears to be mediated through a specific AM receptor
sensitive to the AM peptide sequence residues 22–52
(Mazzocchi et al., 2000). In fact, when AM is experi-
mentally overexpressed in the vasculature of AM-
transgenic mice there is a resistance to endotoxin-in-
duced shock (Shindo et al., 2000). A clearer picture of
the mechanism through which AM participated in the
stress response affected by hypoxia is presented in the
recent work by Garayoa et al. (2000), in which a part of
the increased expression of AM during hypoxia stress
was attributable to a process driven by a hypoxia in-
duction factor called HIF-1. Where HIF-1 gene knock-
out animals were subjected to hypoxic condition, the
induction of AM was significantly blunted in compari-
son to the response observed in HIF-1-intact animals.

Signals from each of these components impinge col-
lectively at or in cells and are integrated within the cell
to formulate a given output by that cell. Factors critical
to how cells integrate impinging signals are: 1) chang-
ing concentrations of hormones and cytokines that
reach cells from remote (endocrine-type regulation)
and adjacent cells and organ structures (paracrine and
autocrine modes of effector presentation); 2) the tem-
poral character of how these concentration changes are
presented to the cells (concentration � blood flow: flux);
3) the presence of receptors for the effector ligands on
and within cells; 4) blood flow, nutrient and oxygen
presentation to tissues and cells; 5) alterations in in-
tracellular signal transduction interactions (cAMP,
Ca��, kinase phosphorylation activation, phosphodies-
terase activity, RMP proteins, etc.); 6) plasma trans-
port binding protein modulation of cell effector avail-
ability; 7) endothelial permeability; 8) mitochondrial
energetics functionality; 9) rates of effector degrada-
tion and metabolic clearance; and 10) regulation of
gene transcription and translation and ribosome sta-
bility and intracellular cytoskeletal-dependant re-
source shuttling.

TEN POTENTIAL POINTS OF AM IMPACT
ON THE INFLAMMATORY PROCESS

Figure 3 represents the development of an integrated
model to place into perspective the relative contribu-

tions of AM-related actions as well as factors that reg-
ulate AM in the development and remission of the
inflammatory response. The numbers within the circles
represent some general as well as specific influences of
or on AM in the body.

Area 1
Circulation plays a prominent role in all of the con-

siderations that shape the clinical outcome of an in-
flammatory episode. This is especially true in situa-
tions involving generalized states of systemic infection,
and most particularly evident in those conditions that
progress into shock and multiple organ failure. The
circulation is, by definition, the route through which
“endocrine” functions of AM are delivered to cells and
organs. Increase in plasma concentrations of AM are
well documented in association with inflammatory and
infection disease states. In addition, where experimen-
tal models of infection were used that incorporated
bacterial endotoxin challenge in vivo and in vitro as
well as the direct administration of macrophage re-
sponse cytokines such as tumor necrosis factor-�, in-
creases in plasma concentrations of AM as well as
specific increases in tissue mRNA for AM and AM
peptide have been reported. However, the exact roles of
the increased concentrations of AM in the circulation
during infection stress are really not well understood.
What is quite apparent is that localized production of
AM, in the myriad tissues that respond to or are af-
fected by the infection/inflammatory process, signifi-
cantly influence the patterns of secretion of numerous
other hormones released from traditional endocrine
glands such as the pituitary, adrenal, thyroid, and
pancreas. These secreted hormones reach remote tis-
sues via the circulation. Collectively, adrenocortico-
tropic hormone, cortisol, thyroid hormone, insulin, and
glucagon, to name the hormones which to date have
been associated with AM-mediated regulation (re-
viewed in Martı́nez et al., 1998), influencing tissue
metabolism via the circulation in their participation
in the endocrine-immune gradient. As in most good
feedback systems, checks and balances exist between
the many effectors of the inflammatory response.
Where AM has been shown to increase the activity of
the hypothalamic–pituitary–adrenal axis, the glu-
cocortidoid endproducts have a significant inhibitory
effect on further AM production (Hattori et al., 1998).

A significant point that needs to be emphasized is
that the conveyance of hormone signals via the circu-
lation has multiple dimensions which go beyond the
commonly discussed and easily measured variable,
plasma concentration. The more accurate descriptions
of hormone conveyance in the blood are derived from
flux measurements, the concentration per unit time
within the established blood flow. Flux measurements
are difficult to ascertain under normal conditions and
even more so during the inflammatory response due to
the absence of steady-state conditions and limitations
often encountered in the relative sensitivity of assays
to discriminate arterial–venous concentration differ-
ences. Certainly AM participates in this flux capacity
in its capacity to affect blood flow through changes in
vascular resistance as well as cardiac performance
(Lainchbury et al., 2000; Amatyakul et al., 2000; Wang,
2000). It is important to recognize that an underlying
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Fig. 3. Ten points or “areas” of AM impact during the inflammatory response. Please see text Areas 1–10 for details.
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disease such as heart failure may alter the vasorelax-
ant properties of AM (Lainchbury et al., 2000) and alter
the homeostatic compensating character of AM when a
septic crisis erupts. Where the critical feature of a
tissue response to a hormone is the availability of that
hormone to a cell receptor, the presentation of that
hormone to the receptor is influenced by blood flow,
hormone concentration, tissue transit time, capillary
and endothelial cell permeation, and the transport
state of the hormone, i.e., binding protein association.

Area 2
While it is well documented that plasma AM concen-

trations increase in response to experimental adminis-
tration of endotoxin (as a model of a sepsis effector) as
well as during bacterial infection stress, it is now rec-
ognized that only a portion of the AM in the circulation
is actually free AM. Elsasser et al. (1999b) character-
ized the presence of a 120-kD protein in the plasma of
10 animal species with specific binding capacity for
AM. Further characterization of the protein revealed
that the protein was complement factor H (Pio et al.,
2000) and that the presence of factor H could alter the
biological properties of AM. Conversely, AM bound to
the AM binding protein-Factor H altered the biological
functions of factor H. Plasma content of factor H was
decreased in some disease states (Elsasser et al.,
1999b). This implies that the delivery of AM to tissue
sites during disease states is modulated in part by the
transport capacity of AM binding protein-factor H as
its concentrations change during the progression and
remission of disease. In addition, other disease states
that compromise the production of factor H will affect
AM function through the differential delivery of AM to
tissues, effects on transport across endothelial barri-
ers, and metabolic clearance rate of AM.

Area 3
With AM present in the circulation and able to reach

cells, the next critical feature of how AM participates in
the inflammatory response is dictated by the ability of
AM to bind to surface membrane receptors and effect
specific sequences of hormone signal transduction. Re-
ceptors for AM have been identified in many, if not
most, tissues studied and there appear to be several
possible receptor interactions which can take place
which affect what AM does at that particular time
(Clark and Lowe, 1998). Specific receptors for AM with
nanomolar binding affinities have been characterized
but secondary binding capacity for AM is present in the
receptor for calcitonin gene-related peptide (CGRP).
The binding capacity for AM to these different recep-
tors and the nature of the signal transduction is well
reviewed elsewhere (Clark and Lowe, 1998). Important
to the discussion of the role of AM in the inflammatory
process is the recognition that surface membrane re-
ceptor populations are rather dynamic and the number
and affinity of receptor-ligand complexes often changes
during disease states. Comparing the results of two
different experiments of Clementi et al. (1999, 2000), it
appears that different characteristics of AM mediation
of the inflammatory process may be conferred through
the type of receptor on which the AM binds. In a model
of ocular inflammation (Clementi et al., 2000), a hyper-
emic effect of AM administration with accompanied

neutrophil migration was mediated via an AM-specific
(AM-22-52) receptor type. However, in another situa-
tion where peritoneal inflammation was induced via
the administration of acetic acid (Clementi et al.,
1999), AM administration was associated with a
CGRP-receptor-mediated decrease in inflammatory re-
sponse. These contrasting effects of AM in the inflam-
matory process further illustrate how the receptor-li-
gand component of the endocrine-immune gradient
functions to impart differential control among tissues
as a hierarchy for tissue response is established. Thus,
if there occur differences in the expression and function
of AM receptors during inflammation, the actions of
AM will be modulated. This is at present a fertile area
for research in that there are no publications that
directly address changing dynamics and binding char-
acteristics of AM receptors on cell surfaces during in-
flammation and sepsis.

Area 4
One of the largest sources of AM, which arises during

the inflammatory process, is that which is derived from
circulating immune cells such as monocytes, macro-
phages, and neutrophils (Zaks-Zilberman et al., 1998;
Minamino et al., 1998; Kubo et al., 1998b). Attracted to
specific locations by tissue release of chemoattractants,
the infiltrating cells serve multiple roles in the protec-
tion of health, but the role of AM as released by these
cells is mostly multifunctional. Roles of AM at this
juncture include regulation of localized blood flow, al-
terations in further production of chemokines, modu-
lation of cytokine and nitric oxide synthase activity,
and functions as antimicrobial peptides (Allaker et al.,
1999). In addition to direct killing effects of AM on
particular bacteria, the interaction of AM in forming
ion pores in the microbial cell wall weakens the mi-
crobes and enhances the phagocytic capabilities of neu-
trophils and monocytes. Furthermore, because of the
new-found property of AM to modulate the bioactivity
of complement factor H as factor H serves as an AM
plasma binding protein (Pio et al., 2001), the range of
antimicrobial peptide effects of AM may be broadened
in AM’s capacity to modulate the inflammatory re-
sponse within the complement cascade (Scott et al.,
2000).

Area 5
While the monocytes are capable of responding to

factors that upregulate the inflammatory process,
many other cell types are capable of localized, para-
crine, and autocrine production of AM. These include
epithelial and vascular endothelial cells and resident
immune-function cells such as Kupffer cells and astro-
cytes (Takahashi et al., 2000). This localized produc-
tion is very important to the localized needs of the
tissues. In fact, this may be the site of AM action where
the temporal character of AM function is most promi-
nent.

Area 6
Where initial needs of tissues during a response in

inflammation may be to obtain increased vascular sup-
ply, later stages of cell responses need to come into play
to limit potential overproduction of effector molecules
such as NO decay products, superoxide anion, and per-

126 T.H. ELSASSER AND S. KAHL



oxides, which become injurious to cells. However, there
is a very tight association between the presence of AM
and upregulation of AM and the evolution of the NO
cascade. Together, AM and NO appear to complement
one another in a fine-tuning of many of the physiolog-
ical processes which develop during inflammation, in-
cluding regulation of blood flow and precapillary
sphincter-microvascular function (Chu et al., 2000).
AM and NO appear to be coordinately increased in
endothelial cell, monocyte, and tissue epithelial cell
responses to inflammatory stimuli. The intracellular
production of NO and the resulting NO metabolism
cascade may play a significant part in redirecting in-
tracellular metabolism including changes in mitochon-
drial function, enzyme function, and even newly dis-
covered antioxidant properties of NO.

Area 7
In the inflammatory process, many biochemical

events are triggered which result in inappropriate and
deleterious chemical modification of intracellular pro-
teins. Chemical modification of proteins leads to al-
tered biological activity, which can, according to the
specific protein, enhance or retard biochemical activity.
For example, while many protein functions are de-
creased such as the loss of activity of neuronal super-
oxide dismutase (Macmillan-Crow and Cruthirds,
2001) some protein actions are enhanced, such as the
increased activity of fibrinogen (Gole et al., 2000). In
the first situation, cells lose the ability to neutralize
toxic superoxide anion; in the second situation, in-
creased coagulopathy associated with enhanced clot
formation results in the development of microangiopa-
thies, perfusion failure, and increased complications
within the multiorgan failure scenario. This becomes a
complex issue and in several instances is almost a
random occurrence for which chemical modifications
occur. Usually, however, these reactions involve some
distinct reactions which result in the oxidation of pro-
teins (carbonyl-formation), protein nitration, nitrosyla-
tion, thiol nitration, tyrosine and serine nitration, lipid
peroxide formation, and dityrosine formation, all of
which are established by the turn of events which dic-
tate the intracellular oxidation-reduction state and
therefore the direction of decay of NO, the formation of
peroxynitrite and, induction of superoxide anion (El-
sasser et al., 2000a; Nakazawa et al., 2000). Recent
data from Chun et al. (2000) suggests that oxidative
stress increases the secretion of AM in endothelial
cells.

In addition, AM has been identified as a significant
apoptotic factor which contributes to the restoration of
homeostatic equilibrium. Much of the apoptotic re-
sponse is triggered by the binding of TNF to one of two
TNF cell receptors referred to as the “death” receptor.
Whereas some of AM’s antiapoptotic capacity may be
associated with its downregulation of TNF per se,
many of its countereffects on apoptosis appear to be
mediated by AM effects on the target cell itself and
manifest through cyclic-GMP-responses and NO-de-
pendent mechanisms (Sata et al., 2000).

Area 8
In the inflammatory process cells that are affected in

a pathological manner are affected by one of two reac-

tions. They either undergo apoptosis or they undergo
necrosis (Oberholzer et al., 2001). A significant part of
the necrotic response is associated with perturbations
in some aspects of the complement cascade that result
in a process described as the complement-mediated
membrane attack pathway (Morgan, 1999). In this de-
structive process, complement factors Cb5 through C8
interact to culminate in a multimeric C9 complex in-
tercalating into cell membranes forming ion pores,
which disrupt ionic currents and induce lysosomal de-
granulation and autodigestion of cellular components.
Of course, where there is a need to eliminate cellular
debris macrophages are called in and the autodestruc-
tion sequences are maintained. While yet to be inves-
tigated, the fact that the AM binding protein is a com-
plement cascade regulatory protein (Factor H), and AM
alters the catalytic capacity of Factor H (Pio et al.,
2001) enhancing the cleavage of C3B by factor I, there
exists a strong potential that AM might influence the
induction of this membrane attack pathway. Beyond
this there appears to be a connection between cell sta-
bility and AM in disease processes. The integrity of
cells may be better maintained when AM induction and
production are elicited (Chini et al., 1997).

Area 9
Many aspects of the larger collective process of in-

flammation and inflammatory response are similar to
the responses observed during sepsis or the adminis-
tration of bacterial extracts such as endotoxin. A key
factor in the AM-inflammatory response cycle is a feed-
back loop that involves binding of endotoxin to the
CD-14 cell surface receptor (located on many epithelial
cell types as well as monocytes, leukocytes, and neu-
trophils), the induction of transcription of inflamma-
tory cytokines, TNF-� and IL-1 in particular, and the
upregulation of AM (and NO-synthase activity). The
upregulation of AM by TNF is interesting in that TNF
is largely considered a transient response initiator
whose function appears to be the initiation of a cascade
of responses including increased glucocorticoid produc-
tion, prostaglandin mediators, as well as a significant
redirection of metabolism away from anabolism to-
wards catabolism. The regulatory loop appears to be in
part contributing to the ability of AM to downregulate
much of the production of these inflammatory cyto-
kines and limit many of these decompensating influ-
ences (Koo et al., 2000).

Some additional qualities of AM may prove to be
beneficial in the body’s defensive inflammatory pro-
cess. When, as previously discussed, antimicrobial pep-
tide pore formation in bacteria results in enhanced
phagocytic and killing capacity of microbes by acti-
vated monocytes and macrophages (enlarged area of
phagocytisis) the immune challenge is cleared more
rapidly. As defined by Scott and Hancock (2000), anti-
microbial peptides are generally in the range of 12–50
amino acids in length possessing a net positive charge
in association with high molar content ratios of basic
amino acids and strong hydrophobicity facilitating
their interaction with bacterial membranes. AM fits
these characteristics well and as such has the potential
to be developed into a therapeutic adjunct to support
antimicrobial chemotherapy in a fashion in which op-
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portunities for antibiotic resistance might be de-
creased.

Area 10
Coming full circle, cell metabolism is significantly

affected by AM both by its endocrine presentation to
target cells, its paracrine evolution in situ, and through
effects of AM to regulate other hormones such as insu-
lin and glucagons. In this regard, we recently defined
the pancreas as a target for disease stress and inflam-
matory response in terms of its shock-organ-like re-
sponses to impinging multiple immune stimuli. Stem-
ming from Martı́nez’s observation of effects of AM lo-
calization in the pancreas and its ability to influence
glucose metabolism in vivo, we conducted experiments
which demonstrated that AM and NOS upregulation
responses to the combination of occult, subclinical par-
asitic infection combined with low-level endotoxin chal-
lenge were parallel and colocalized in pancreatic islets
(Elsasser et al., 1999a). The magnitude of the plasma
AM response as well as the relative degree of localized
increased expression of AM and NOS-Type 2 in the
islets was positively correlated to the magnitude of the
TNF-� response and inversely related to the absolute
plasma concentrations of insulin developing in the hy-
poglycemic phase of the response to the endotoxin chal-
lenge. The interesting feature of this observation was
that the AM-NOS responses in the pancreas persisted
long after similar responses in the lung had disap-
peared. The observations support the concept that AM
plays a key role in the progression and remission of the
inflammatory response in vivo and that the role can
change over time, thus influencing the observations
and conclusions of investigators.

CONLUSIONS
Collectively, this overview of AM in inflammation

demonstrates the vast complexity of AM bioactivity as
it evolves during the upregulation and downregulation
of localized and systemic inflammatory responses. In
general, the more recent mass of literature on AM, AM
gene responses, and associated cell responses in patho-
logical situations suggests that AM is a survival factor
and a force which functions to reestablish homeostatic
accord across physiological systems. The actions of and
measurable changes in AM peptide and gene responses
during the inflammatory response are consistent with
hypotheses and models of metabolic reprioritization,
wherein the metabolic capabilities and priorities of a
tissue change in accordance with the need for survival.
In this regard the development of pharmacological
agents with specific actions on the fate of AM and its
binding protein(s) may prove valuable adjunct thera-
pies in the remediation of inflammatory reactions.
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